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ABSTRACT The conformational deformability of nucleic acids can inﬂuence their function and recognition by proteins. A class
of DNA binding proteins including the TATA box binding protein binds to the DNA minor groove, resulting in an opening of the
minor groove and DNA bending toward the major groove. Explicit solvent molecular dynamics simulations in combination with
the umbrella sampling approach have been performed to investigate the molecular mechanism of DNA minor groove
deformations and the indirect energetic contribution to protein binding. As a reaction coordinate, the distance between backbone
segments on opposite strands was used. The resulting deformed structures showed close agreement with experimental DNA
structures in complex with minor groove-binding proteins. The calculated free energy of minor groove deformation was ;4–6
kcal mol1 in the case of a central TATATA sequence. A smaller equilibrium minor groove width and more restricted minor
groove mobility was found for the central AAATTT and also a signiﬁcantly (;2 times) larger free energy change for opening the
minor groove. The helical parameter analysis of trajectories indicates that an easier partial unstacking of a central TA versus AT
basepair step is a likely reason for the larger groove ﬂexibility of the central TATATA case.
INTRODUCTION
The conformational ﬂexibility of DNA is central to its many
biological functions. Speciﬁc binding by proteins is not only
determined by speciﬁc interactions between DNA and pro-
teins but also by the global structure and deformability of the
DNA helix (1–6). Conformational deformability of nucleic
acids can inﬂuence their function and the recognition by pro-
teins. Several DNA binding proteins bind to the minor groove
of DNA and result in a signiﬁcant deformation of the minor
groove from the standard B-DNA geometry (7). Among
these are prokaryotic DNA repressors, e.g., the purR (purine
repressor) DNA complexes (8), the eukaryotic transcription
factor TBP (TATA-box binding protein) (9–12), the high
mobility group (HMG) proteins LEF-1 (lymphoid enhancer-
binding factor) (13), HMG-D (14), testis-determining factor
SYR (15), NHP6A (16), and DNA repair enzymes (17,18).
All these minor groove-binding proteins induce a qualitatively
similar global conformational change in the target DNA that
leads to an opening and greater accessibility of the minor
groove and bending of the DNA toward the major groove. In
eukaryotes, DNA is packed in nucleosomes (wrapped around
a histone octamer core) and adopts a strongly curved struc-
ture (19). The packing of DNA also leads to a periodic pat-
tern of minor and major groove opening/closing deformations.
The DNA ﬂexibility and its sequence dependence can in-
ﬂuence the position of the histone octamer binding along the
DNA (nucleosome positioning) (20,21). In addition to
several DNA binding proteins, association of synthetic mi-
nor groove-binding ligands (drugs) to DNA can involve mi-
nor groove deformations of the target DNA (22). These may
also contribute to binding afﬁnity although the drug-induced
conformational changes in DNA are smaller than in the case
of minor groove-binding proteins.
The binding of minor groove-binding ligands and proteins
must provide sufﬁcient energy to enforce groove opening at
the target sequence. Hence, the binding afﬁnity to the DNA
target is not only inﬂuenced by the direct protein-DNA
interactions but also indirectly by the sequence dependence
of the global deformability of the DNA. For example, in the
case of the TBP changes of the TATA recognition sequence,
both affect binding afﬁnity and the degree of DNA bending
of the TBP-DNA complex (23,24). However, the recognition
of TATA box sequences by TBP is also strongly affected by
ﬂanking sequences (25,26), and any DNA sequence change
can affect both direct interactions with the protein (direct
readout) and intrinsic structure/ﬂexibility of the DNA (in-
direct readout). For TBP (27) and the HMG-domain proteins,
it has been shown that prebending of the target DNA either
by disulﬁde cross-linking (28,29) or intrastrand cross-linking
using the anticancer drug cisplatin can enhance protein-DNA
binding afﬁnity (30–35). The disulﬁde cross-link reduces the
distance between two nucleotides in the major groove and
leads to a prebending of ;30 and opening of the DNA mi-
nor groove (28). The cisplatin drug causes a 1,2-intrastrand
cross-link at d(GpG) steps in DNA and produces a stable
kink at the damage site (31,33). The degree of DNA-binding
enhancement due to DNA modiﬁcation and prebending
depends on the DNA sequence and the type of minor groove-
binding protein. For HMG-D (HMGB protein of Drosophila
melongaster) the binding to disulﬁde cross-linked and
prebend DNA was enhanced by a factor of ;5 (29). For
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another testis-speciﬁc mouse HMG-domain, a binding en-
hancement of between 20 and 230 to cisplatin-modiﬁed
DNA has been reported for the full protein versus isolated
HMG-domain A, respectively (34). For the TATA box
binding protein, a 175-fold increase in binding afﬁnity to a
TATA box with ﬂanking cisplatin cross-links compared to
unmodiﬁed target DNA was found (27). These results
indicate that the effect of DNA predeformation on DNA-
binding afﬁnity can be quite dramatic. The large variety of
afﬁnity enhancements is probably due to the fact that the
conformational change introduced by the DNA modiﬁcation
may show varying degrees of overlap with the required DNA
deformation to adopt an ideal interface for protein associ-
ation, complicating the distinction of contributions due to
direct versus indirect readout.
Using continuum solvent calculations, it has been pro-
posed that the low dielectric environment of an approaching
protein may increase the phosphate repulsion on the minor
groove side of the DNA and promote binding (36). However,
partial phosphate neutralization by positively charged resi-
dues on the protein might also reduce the energy barrier to
open the minor groove of DNA as found by Lebrun et al.
(37) and Lebrun and Lavery (38) in energy minimization
studies (see below). Large-scale deformations that relate
also to protein binding have been systematically studied by
Boutonnet et al. (39), Kosikov et al. (40), and Zakrzewska
(41). However, these simulation studies neglect explicit
solvent that might be critical to estimate the energetics of
DNA conformational changes. Molecular dynamics (MD)
simulations in explicit water have been used extensively to
study the ﬂexibility of DNA and its ﬁne structure (42–44,
reviewed in Cheatham (45)) and also to investigate the ﬂex-
ibility of the TATA box containing DNA sequences (46,47).
In a recent effort, the DNA ﬁne structure of all possible
tetranucleotides has been investigated by unrestrained MD
simulations (48,49). However, on the timescale of these sim-
ulations, complete spontaneous transitions to a conformation
as found in complex with minor groove-binding proteins are
rarely observed in unrestrained MD simulations.
To investigate the minor groove deformation mechanism
and the energetic contribution to the recognition process,
explicit solvent MD simulations in combination with the
umbrella sampling approach have been performed in this
study. As a reaction coordinate, the distance between sugar-
phosphate backbone atoms of two nucleotides on opposite
strands was used. It has been shown by Boutonnet et al. (39),
Lebrun et al. (37), and Lebrun and Lavery (38) that a similar
distance restraint employed during energy minimization can
induce a DNA structural transition similar to the deformation
seen in several DNA duplexes complexed to minor groove-
binding proteins. The purpose of this study is to perform the
DNA minor groove opening under more realistic conditions
including explicit solvent molecules and counterions and to
extract the free energy change associated with the transition.
Simulations have been performed on twoDNA duplexes with
the same nucleotide contents but different central sequences
(TATATA versus AAATTT). The results give an estimate
on the free energy contribution of DNA minor groove de-
formation to recognition and indicate a signiﬁcant sequence
dependence of the calculated free energy of minor groove
deformation.
MATERIALS AND METHODS
Two 12-bp B-DNA molecules with different central sequences (six
basepairs) but the same ﬂanking sequences and same nucleotide content
((central AAATTT case: 59-dGCGAAATTTCGC)2 and central TATATA
case: (59-dGCGTATATACGC)2) were used. Standard B-DNA start struc-
tures were generated using the nucgen program of the Amber8 package (50).
Each system was neutralized by adding 22 K1 counterions and solvated
with ;6500 TIP3P water molecules (51) in a rectangular box and energy
minimized using the sander module of Amber8. During MD, each DNA was
initially harmonically restrained (25 kcal mol1 A˚2) to the energy
minimized start coordinates; and the system was heated up to 300 K in
steps of 100 K followed by gradual removal of the positional restraints over
a period of 0.2 ns followed by 1-ns unrestrained equilibration at 300 K.
During the MD simulations, the long-range electrostatic interactions were
treated with the particle mesh Ewald (PME) method using a real space cutoff
distance of rcuttoff ¼ 9 A˚. The Rattle algorithm (52) was used to constrain
bond vibrations involving hydrogen atoms, which allows a time step of 2 fs.
To induce the desired minor groove opening during the simulation, a dis-
tance restraint between centers of mass of two groups of atoms on opposite
strands was used. Test calculations indicated that single reference atoms to
deﬁne a distance restraining coordinate can lead to local deformations in the
nucleic acid backbone conformation. The atoms that formed the two groups
consisted of P, O59, C59, C49, C39, O39 (of nucleotide 8), and P, O59 (of
nucleotide 9) on both strands. The distance vector between the centers of
these two groups points approximately in the direction of the helical DNA
axis (see Fig. 1). A quadratic umbrella potential with respect to the distance
reaction coordinate was applied (small force constant: 0.5 kcal mol1A˚2)
and the reference distance was changed from 9 to 20 A˚ in steps of 1 A˚. The
potentials of mean force (PMF) along the reaction coordinate was calculated
FIGURE 1 Snapshots of deformed DNA molecules (central TATATA
case) during MD simulations at three different interstrand target distances.
The view is along the central part of the minor groove (van der Waals
representation using a heavy atom color code excluding hydrogen atoms).
The groups on both strands that determine the center-of-mass distances are
encircled. The atoms that formed the two groups consisted of P, O59, C59,
C49, C39, O39 (of nucleotide 8), and P, O59 (of nucleotide 9) on both strands
(see Materials and Methods). dref ¼ 10.0 A˚ represents approximately the
DNA equilibrium minor groove width, whereas dref¼ 18.0 A˚ corresponds to
a conformation close to the DNA in complex with minor groove-binding
proteins.
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from the recorded distance data set (recorded every 10 MD steps) using the
weighted histogram analysis (WHAM) method (53,54). For each reference
distance 0.2-ns equilibration simulation followed 3-ns data gathering were
performed. The deformed structures at dref ¼ 19 A˚ were used to start
backward simulations (2 ns per reference distance). Helical and backbone
parameters of the structures obtained as trajectories (recorded every 2 ps)
were analyzed using the program Curves 5.0 (55,56).
RESULTS
Free energy change associated with minor
groove deformation
MD umbrella sampling simulations were used to study the
minor groove deformability of two A/T-rich sequences
ﬂanked by G/C-rich caps on both sides. Both strands of each
oligonucleotide had the same sequence, and both DNAs had
the same nucleotide content. It is advantageous for a better
control of the simulations to use self-complementary se-
quences (same sequence on both strands that should give on
average the same results for both strands during the sim-
ulations). The ﬁrst system contained the sequence TATATA
at the center (d(GCGTATATACGC)2). Sequences similar to
the TATATA sequence are frequently found within TATA-
box transcription factor binding boxes (23), whereas the
second sequence (d(GCGAAATTTCGC)2) is atypical. Al-
though no experimental data on TBP binding to the
AAATTT sequence are available, studies on the TAAAAA
or TAAATA motif indicate strongly reduced binding afﬁnity
(.100-fold reduction in complex stability, 23).
The DNA minor groove of both DNA oligonucleotides
was opened during MD simulations using a soft quadratic
restraining potential on the distance between centers of mass
of two backbone segments on both strands (see Materials and
Methods section). The reference distance (dref) was changed
in steps of 1 A˚ starting at dref¼ 9 A˚ (Fig. 1). At dref¼ 17–18
A˚, the deformed duplexes adopted a structure very close to
DNA structures observed in complex of minor groove-
binding proteins and their respective target DNA molecule
(Fig. 2). For example, superposition of the average structure
with central TATATA (dref ¼ 17 A˚) on the target sequence
of the purR-recognition motif (8) resulted in a nucleic acid
backbone root mean-square deviation (RMSD) of ;1.8 A˚
(Fig. 2 A). Similarly, superposition of the TATA box seg-
ment from the complex with TBP (12) onto the central
TATATA element at dref ¼ 18 A˚ gave an RMSD of 1.7 A˚
(Fig. 2 B).
Using the WHAM method (53,54), the simulations al-
lowed calculation of the free energy change required to
deform a central AAATTT sequence compared to a central
TATATA sequence (Fig. 3). Comparison of free energy
curves for different simulation windows and for the back-
ward simulations indicates a good convergence of the cal-
culated PMF proﬁles (Fig. 3). A signiﬁcant difference of the
free energy change required to open the minor groove to
reach a state receptive for binding a minor groove-binding
protein was found. For dref¼ 17 A˚ the calculated free energy
change is ;8 kcal mol1 (AAATTT sequence) compared to
;4 kcal mol1 in the case of the central TATATA sequence
(Fig. 3). Under the assumption that the induced deformation
corresponds exactly to the structural difference between
bound and unbound forms of the DNA, this predeformation
would increase the afﬁnity for a hypothetical protein by a fac-
tor of;800 (¼exp(DG/RT), R: gas constant, T: temperature)
FIGURE 2 (A) Superposition (nucleic acid backbone) of experimental
purR-DNA (green, central 12 bp, pdb2pub, (8)) onto deformed DNA with
central TATATA sequence (blue, dref ¼ 18 A˚). (B) Superposition of a
snapshot of the deformed TATATA structure (blue, dref ¼ 18 A˚) onto
experimental TATA box structure from a complex with the TBP protein
(pdb1TGH, nucleotides 101–106/119–124 superimposed on central 6 base-
pairs of the TATATA structure). For clarity, only heavy atoms are shown.
FIGURE 3 Calculated potential of mean force for the minor groove
deformation of the DNA molecule with central AAATTT (bold lines) and
TATATA (thin lines) sequence. The minor groove width is controlled by the
reference distances (dref) between backbone segments on opposite strands
(seeMaterials andMethods). Red, green, and black curves correspond toPMF
obtained after 1-, 2-, and 3-ns data gathering time per dref. The dashed curves
indicate the PMF for the backward simulations starting from dref ¼ 19 A˚.
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for the central TATATA case. In the case of the AAATTT
sequence, the direct protein-DNA interactions need to provide
an additional;4 kcal mol1 to allow minor groove opening.
This additional free energy difference translates to an ;800
times smaller binding constant and points to a signiﬁcant ‘‘in-
direct’’ readout contribution to speciﬁcity.
Interestingly, the calculated optimal minor groove width
is smaller for the AAATTT case than in the case of the
TATATA sequence. A broader range of minor groove
widths appears accessible in the latter case with only small
changes in free energy (Fig. 3). However, at reference dis-
tances smaller than the distance corresponding to the optimal
minor groove width, the onset of a steep free energy increase
occurs already at larger distances in the TATATA case
compared to the AAATTT sequence. The ability to adopt
a narrower minor groove correlates with the ability to adopt
larger (negative) propeller twist angles, which for sterical
reasons are more easily possible in the case of the AAATTT
sequence. The adenine bases in the TATATA motif show
signiﬁcant interstrand cross stacking (Fig. 4). Signiﬁcant
negative propeller twist leads to sterical clashes of inter-
strand cross-stacked bases. For the other motif, the thymi-
dine bases on opposite strands at the center are smaller and
show only a little cross-stacking, allowing for more exten-
sive propeller twisting and in turn for a more narrow minor
groove (Fig. 4). The observed smaller equilibrium minor
groove width of the AAATTT case is consistent with the ex-
perimental observation of relatively narrow minor grooves of
DNA duplexes with central AATT or AAATTT sequences
compared to other sequences (57). The free energy minimum
for the AAATTT case is between dref ¼ 9–10 A˚, whereas in
the case of the TATATA sequence the conformation of
lowest free energy appears at dref; 12 A˚. A superposition of
the average AAATTT structure obtained at dref ¼ 10 A˚ onto
a crystal structure containing the same central segment
(Protein Data Bank (pdb)1S2R, 57) resulted in an RMSD of
,1 A˚ (heavy atoms of the central six basepairs, Fig. 5 A) and
a close agreement of the size of the minor groove. In the case
of the central TATATA, a superposition on a crystal struc-
ture with central TATA sequence (pdb1D29, 58) also re-
sulted in close agreement (RMSD , 1.5 A˚ for the central
four basepairs, Fig. 5 B). The result indicates that the
sequence-dependent groove properties are quite well repro-
duced by the free energy minima of the two cases.
Helical structure of the deformed DNA
The minor groove width calculated using the program Curves
5.0 (55,56) correlates with the reference distance used as
reaction coordinate in these simulations (Fig. 6) up to dref ¼
18 A˚. Beyond this reference distance, the minor groove width
(as calculated in Curves based on several phosphate-phosphate
FIGURE 4 View into the minor groove (stick model) of the central
AAATTT structure (A) and central TATATA structure (B), respectively, at
small reference distance (dref ¼ 9 A˚). The double arrow indicates the free
space available in the case of the AAATTT structure that allows easy
propeller twisting at the central basepair step to further reduce the minor
groove size. Contrarily, the cross-stacking arrangement of the two adenine
bases at the central basepair step in the TATATA structure (double arrow
in B) largely prevents propeller twisting as a possibility to further reduce
the minor groove width.
FIGURE 5 (A) Superposition (stereo view) of the average structure for the
central AAATTT sequence at dref ¼ 10 A˚ (green) onto the central AAATTT
motif in the x-ray structure of the B-DNA: d(CGCAAATTTGCG)2 (blue,
pdb1S2R; (57)). (B) Superposition of the average structure for the central
TATATA sequence at dref ¼ 12 A˚ (green) onto the central TATA motif
in the x-ray structure of the B-DNA decamer d(CGATATATCG)2 (blue,
pdb1D29; (58)). The view is into the minor groove and for clarity only the
eight central basepairs (heavy atoms) are shown.
DNA Minor Groove Deformability 885
Biophysical Journal 91(3) 882–891
distances along a DNA segment) started to decrease due to
changes in the nucleic backbone structure (see last paragraph
of the Results section). In addition to minor groove opening,
the binding of minor groove-binding proteins causes sig-
niﬁcant bending of the target DNA. Consistent with the
experimental observation the average bend angle of deformed
DNA duplexes increased during the simulations with the
reference distance up to dref ¼ 18 A˚ and reached ;45
(Fig. 7). Beyond this it decreased due to backbone re-
arrangements (see last paragraph of the Results section). In
crystal structures of DNA in complex with minor groove-
binding proteins, bend angles of 30–130 have been re-
ported (7–15) that exceed (in part) what was observed in
these simulations. However, during the simulations DNA bend
angle ﬂuctuations of up to 55–60 were observed (Fig. 7). It
is important to note that the recognition elements of minor
groove-binding proteins usually extend beyond a central
element such that not only the central element but also other
ﬂanking DNA regions may contribute to the larger bend
angles observed in several x-ray crystal complex structures
compared to these simulations.
The average helical parameter’s roll and twist showed a
signiﬁcant correlation with respect to the reaction coordinate
(Fig. 8 A). In the case of the AAATTT sequence, the central
roll angle showed a relatively small increase up to dref ¼ 18
A˚ followed by a more dramatic increase at larger reference
distances. In contrast, in the case of the central TATATA
motif, larger central roll angles were observed already at
smaller values of the reaction coordinate. The larger central
roll leads to a more pronounced central kinking and partial
unstacking in the case of the TATATA sequence (illustrated
in Fig. 8 B). For both DNA molecules, a decrease of the
average twist angle of the central element was observed with
;34 at dref ¼ 9 A˚ down to ;27 for dref ¼ 18 A˚ and ;23
for largest dref¼ 20 A˚ (Fig. 8 C). Such a decrease of the twist
has also been observed in experimental DNA structures in
complex with minor groove-binding ligands (7). The error
bars on the helical and global variables reﬂect the highly dy-
namic nature of the DNA even during these restrained sim-
ulations.
Nucleic acid backbone structure
At small reference distances, the dihedral angle d that largely
determines the desoxy-ribose sugar pucker state (correlates
with the pucker phase angle) is mainly distributed around an
average value of ;140, which is characteristic for B-DNA
(C29-endo sugar pucker; for both sequences, Fig. 9). With
increasing dref, the distribution changes with transitions to
d ¼ 85 that are more characteristic of A-form duplex struc-
tures (C39-endo sugar pucker). Such local transitions to an
A-form-type structure is consistent with the reduced twist
(see above) and also with experimental DNA structures in
complex with minor groove-binding proteins (7–15). Tran-
sitions to A-form have also been found in energy minimi-
zation studies along a distance constraint used to open the
DNA minor groove by Lebrun et al. (37) and Lebrun and
Lavery (38). However, in these MD simulations, no com-
plete transition of the central segment to A-form geometry
was observed (Fig. 9). Interestingly, at the largest reference
distances, the DNA again adopted a desoxy-ribose pucker
characteristic of B-DNA (Fig. 9 A, see below). The DNA
backbone structure is not only inﬂuenced by the desoxy-
ribose pucker conformation but also by other backbone
dihedral torsion angles. The most common transitions in
DNA that still retain a near B-form structure are due to
coupled changes in the dihedral angles a and g (a/g ﬂips or
FIGURE 6 Average minor groove width obtained during data gathering
time with the program Curves (55,56) versus the reaction coordinate used to
induce minor groove deformation (error bars indicate standard deviations).
FIGURE 7 Average global bending (calculated using Curves) obtained
during data gathering time versus reaction coordinate (interstrand separa-
tion: dref; error bars indicate standard deviations).
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crank shift motions) as well as changes in the dihedral angles
e and z (BI-BII transitions). The distribution of the dihedral
angles g and e at different reference distances were used to
monitor a/g ﬂips and BI-BII states, respectively (Fig. 9, B
and C). A g around 60 (1gauche) is highly correlated with
a in the gauche regime and represents regular B-DNA. A
transition of g toward the trans-regime (mostly coupled to a
change in a from gauche to trans) indicates an a/g ﬂip.
Correspondingly, an e in the trans regime represents regular
B-DNA (BI), and a transition to gauche indicates a BII
state. At dref, 18 A˚ the distribution for the central part of the
duplexes indicates only very few transitions to a/g ﬂips or
BII states. However, at dref . 18 A˚, a more signiﬁcant
proportion of the nucleotide backbone undergoes a/g ﬂips or
adopts BII states (Fig. 9, B and C). The increased number of
FIGURE 8 (A) Central helical basepair roll angle versus minor groove
opening reaction coordinate (reference distance, dref). (B) Central basepair
steps using a stick representation. For clarity, only heavy atoms of average
structures at dref ¼ 17 A˚ are shown. The distance between the centers of
the central basepairs is marked (double arrow). (C) Average central twist
(average over ﬁve central steps) versus minor groove opening reaction
coordinate (dref).
FIGURE 9 Distribution of nucleic acid backbone dihedral angles during
data gathering time at dref ¼ 10 A˚ (black line), 15 A˚ (dashed line), 18 A˚
(dotted dashed line), and 20 A˚ (dotted line).
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a/g ﬂips can be due to the increased sterical stress at large
reference distances but also due to deﬁciencies of the
molecular mechanics force ﬁeld.
The signiﬁcant changes in the nucleic acid backbone
structure at the largest dref are also visible in the overall
geometry of the nucleic acid structures (Fig. 10). A smooth
regular nucleic acid backbone is seen in the average
structures from the simulations up to dref ¼ 18 A˚. However,
at dref ¼ 19 or 20 A˚, the backbone changes to a zigzag-
shaped geometry near the central region, which still allows
for a large distance between centers of mass of the reference
nucleotides. The minor groove width of this type of structure
as calculated by Curves and the average bending angle are
signiﬁcantly smaller compared to the structure at dref ¼ 18 A˚
(Figs. 6 and 7). The structural change is accompanied by
local a/g ﬂips or BII states found at the largest dref (Fig. 9),
and the sugar puckers of these structures redistribute to adopt
mainly C29-endo conformations. The central basepairs at
dref¼ 19 or 20 A˚ start to show a positive basepair inclination
relative to the helical axis (Fig. 10). Structures with strong
negative basepair inclination have been proposed to occur
upon DNA stretching, termed S-DNA (59,60). However, this
structure clearly differs from the proposed S-DNA since
basepair inclination in S-DNA is in the opposite direction,
resulting in a strongly enhanced major groove accessibility
and reduced minor groove width (59). It should also be noted
that the S-DNA conformation is experimentally not well
characterized, allowing no quantitative comparison to these
results. This structure is more similar to intermediate struc-
tures obtained during DNA stretching at the 39-ends (61).
The rise at the central steps increases from ;3.3–3.4 A˚ in
structures with dref, 18 A˚ to;3.4–3.8 at dref¼ 19–20 A˚. The
resulting nonoptimal stacking of the basepairs is also likely to
allow easier intercalation of ligands or protein sidechains.
DISCUSSION
The binding of minor groove-binding proteins can induce
large changes in the DNAminor groove and is expected to be
strongly inﬂuenced by the DNA ﬂexibility. From the binding
afﬁnities and the structure of isolated DNA versus deformed
structure in complex with proteins alone, it is difﬁcult to
separate contributions due to direct protein-DNA contacts
versus indirect contributions due to the sequence-dependence
of the DNA deformability. For computational efﬁciency, pre-
vious theoretical studies on global DNA deformability have
often neglected explicit solvent and ions often employing
a distance-dependent dielectric constant to account for
electrostatic interactions (36–41). In this study, a distance
restraint between groups of atoms on the two DNA strands
was applied during explicit solvent umbrella sampling MD
simulations similar to a restraint coordinate used by Lebrun
et al. (37) and Lebrun and Lavery (38) to induce minor
groove opening during energy minimization. Similar to these
adiabatic mapping energy minimization studies (37,38), a
transition to conformations close to the DNA structure seen
in DNA in complex with minor groove-binding proteins was
observed. Also, the changes in helical structure concerning
the behavior of central roll and reduction of twist upon minor
groove deformation agrees well with the experimental results
on minor groove-binding protein DNA complexes (7–15).
The increase of the central roll leads to a partial unstacking at
the central basepair step; and the onset of the central kink
starts at smaller minor groove deformations in the case of the
TATATA simulation. In contrast to energy minimization, the
umbrella sampling simulation includes explicit solvent and
counterions and the effect of DNA conformational ﬂuctua-
tions and allows a more realistic estimate of the penalty for
FIGURE 10 Stereo view of the average DNA structure (central AAATTT
sequence) at dref ¼ 18 A˚ (A) and dref ¼ 20 A˚ (B). The view is into the minor
groove and only heavy atoms are shown (stick representation). The
structures are available from the author upon request.
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DNA deformation. Indeed, the energy minimization studies
resulted in a considerably higher energy penalty for minor
groove opening of;20–30 kcal mol1 for a TATA box-type
sequence (37,38) compared to these free energy simulations.
Depending on the degree of minor groove opening, these
free energy simulations resulted in a free energy penalty of
;4–5 kcal mol1 in the case of the central TATATA
sequence (;8–10 kcal mol1 in the case of the AAATTT
sequence). This result can be compared to protein binding to
predeformed DNA due to disulﬁde or cisplatin cross-linking
(27–35). The difference in protein binding to linear versus
predeformed DNA should reﬂect the contribution of DNA
deformability. However, the observed binding afﬁnity changes
due to DNA cross-linking vary considerably. Depending on
the type of protein binding partner and cross-link, binding
afﬁnity increases of ;5–200 have been reported (27,29,34).
Presumably, this large variation is due to imperfect agree-
ment of the predeformed versus bound conformations of the
DNA in the complex. The penalty obtained for the TATATA
case translates to a deformation contribution factor of;800.
The predicted deformation penalty in the case of the
AAATTT sequence is even larger. However, the calculations
agree qualitatively with the fact that the latter sequence type
is a poor target sequence for TBP binding. It has been found
for the TBP/TATA box case that the target sequence can
affect both the binding afﬁnity and the induced DNA bend-
ing angle (23). These simulations indicate that it is easier to
deform and bend the TATATA target sequence toward the
major groove compared to the AAATTT case. It is possible
that a lower afﬁnity binding to the DNA target sequence
creates only an imperfect ﬁt between DNA and protein that
requires a less deformed DNA structure (hence less energy is
also spent to induce DNA deformation). Again it is important
to keep in mind that the induced deformation during these
simulations is in good but not in perfect agreement with the
experimentally observed deformations, and the free energy
change can only be considered as an estimate of the de-
formability contribution to binding afﬁnity and speciﬁcity.
The greater tendency for unstacking at the central TA step
(TATATA case) compared to the AT step (in the AAATTT
sequence) agrees with experimental results on the stacking
tendency of dinucleotide steps (62,63). Among the 10 dinu-
cleotide steps, TA steps have the smallest stacking free energy.
However, in protein-DNA complexes the central partial un-
stacking in the minor groove is often supported by interca-
lation of a hydrophobic (sometimes aromatic) side chain.
This interaction might also help minor groove opening in a
sequence-speciﬁc manner; that is, the side chain preferen-
tially interacts with a certain nucleobase and is not accounted
for in this simulation study.
The calculated free energy curves showed an approxi-
mately quadratic behavior for small deviations from the
equilibrium geometry. Interestingly, a much narrower free
energy curve centered around a smaller optimal minor
groove width was obtained for the AAATTT case compared
to the TATATA motif. This agrees well with the experi-
mental observation that AAATTT sequences in crystal
structures adopt a narrow minor groove. The average DNA
conformations that corresponded to the free energy minima
along the minor groove deformation reaction coordinate
showed very good agreement with the experimental struc-
tures with central AAATTT or TATA motifs, respectively.
Beyond a certain deformation, however, the free energy
increased approximately linearly with increasing deforma-
tion with a slight tendency to level off at large deformations.
This onset of the signiﬁcant free energy increase occurred at
a larger minor groove opening distance in the case of the
central TATATA compared to the AAATTT sequence and
appears to be the main reason for the larger free energy
penalty found for the AAATTT case. It has also been found
in unrestrained MD simulations that DNA fragments with a
central TATA box motif do have an intrinsic tendency
toward a more open minor groove (42,46,47). It is likely that
the broader range of minor groove widths available in the
case of the TATATA sequence may also help during the
protein (e.g., TBP) binding process to initiate the binding
reaction. After an initial association, further opening of the
minor groove is probably a stepwise process where forma-
tion of protein-DNA interactions provides energy to further
deform the DNA target sequence (induced ﬁt).
At small reference distances below the distance that cor-
responds to an optimal minor groove width, the free energy
increases sharply. Interestingly, in this case the onset of the
free energy increase occurs already at larger distances for the
TATATA sequence compared to the AAATTT case. Neg-
ative propeller twisting of the central basepairs corresponds
to one possible mechanism to reduce the minor groove width
without signiﬁcantly deforming the nucleic acid backbone
structure. Negative propeller twist is sterically compatible
with a central AT but less so with a central TA step (cross
stacking between adenine bases at the center, Fig. 4), which
offers a structural explanation for the ‘‘delayed’’ onset of
a free energy rise (at smaller dref) in the case of the central
AAATTT sequence.
Interestingly, at large restraining reference distances
(dref . 18 A˚), the DNA structure switched from a form close
to the structure in complex with minor groove-binding
proteins toward a structure with positively inclined basepairs
and changes in the nucleic acid backbone structure (Fig. 10).
The stretched structure is (locally) reminiscent of interme-
diate structures obtained during molecular modeling calcu-
lations on DNA deformation (40) and DNA stretching using
the distance between 39-ends of DNA as a reaction coor-
dinate (61). It is interesting to note that DNA structures with
locally deformed backbone geometry have also been ob-
served in complexes of DNAwith minor groove-binding pro-
teins (e.g., the LEF-1 protein-DNA complex, 13). The local
changes in backbone structure and deviation from optimal
stacking geometry may help protein side chains to intercalate
between DNA basepairs.
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CONCLUSIONS
The umbrella sampling simulations allowed the estimation of
the indirect readout contribution of the DNA minor groove
deformation to the binding of minor groove-binding proteins.
This is an important structural DNA deformation observed in
a large number of protein-DNA complexes that goes beyond
equilibrium ﬂuctuations observed in unrestrained simula-
tions. The application to two model systems of different
sequences but the same nucleotide contents also allowed
obtaining an impression on the sequence dependence of the
indirect readout contribution to protein-DNA recognition. An
extension to other DNA sequences or to chemically modiﬁed
DNA structures is possible to more comprehensively under-
stand the role of DNA deformability during protein binding
and for understanding recognition and repair of chemically
modiﬁed or damaged DNA.
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